The bgl sensory system is composed of a membranebound sugar sensor, BglF, and a transcriptional regulator, BglG. The sensor BglF has several enzymatic activities: in its nonstimulated state, it acts as BglG phosphorylase; in the presence of ␤-glucoside in the growth medium, it acts as BglG dephosphorylase and as the ␤-glucoside phosphotransferase. The same active site on BglF, Cys-24, is responsible for the phosphorylation of both the stimulating sugar and the BglG protein.
The bgl sensory system is composed of a membranebound sugar sensor, BglF, and a transcriptional regulator, BglG. The sensor BglF has several enzymatic activities: in its nonstimulated state, it acts as BglG phosphorylase; in the presence of ␤-glucoside in the growth medium, it acts as BglG dephosphorylase and as the ␤-glucoside phosphotransferase. The same active site on BglF, Cys-24, is responsible for the phosphorylation of both the stimulating sugar and the BglG protein.
BglF is composed of three domains, two hydrophilic and one hydrophobic. Our previous results suggested that catalysis of the sugar-stimulated functions depends on specific interactions between the B domain, which contains the active site cysteine, and the integral membrane C domain. We report here that the stimulating sugar triggers the formation of a disulfide bond between the active site cysteine and another cysteine in the membrane-embedded domain of BglF. Inability of a mutant BglF protein to form the disulfide bridge between the B and C domains correlates with its inability to catalyze the sugar-stimulated functions. The ability of the cysteine residue in BglF to bind covalently either to a phosphoryl group or to another cysteine residue, depending on the protein stimulation state, suggests a novel way to control signaling by alternative bond formation.
The mechanisms by which environmental stimuli and different ligands excite membrane-bound sensors/receptors, often activating their kinase or phosphatase activity, is a central question in understanding signal transduction. Some ligands stimulate dimerization of their respective receptors, a conformational change that is being propagated from the sensing domain to the signaling domain, thus regulating the activity of the sensor. In many cases, the nature of the change, conferred by the stimulus, which induces the switch in the sensor's mode of action, is not known.
The Escherichia coli BglF protein (EII bgl ), an Enzyme II of the phosphoenolpyruvate-dependent phosphotransferase system (PTS), 1 catalyzes concomitant transport and phosphorylation of ␤-glucosides. In addition, BglF controls the activity of the transcriptional antiterminator BglG by reversibly phosphorylating it, depending on ␤-glucoside availability (1) (2) (3) (4) . Thus, in the absence of the stimulating sugar, BglF acts as BglG phosphorylase, whereas in the presence of sugar, it acts as a sugar phosphotransferase and BglG dephosphorylase. Phosphorylation of the sugar and of BglG are catalyzed by the same active site on BglF, Cys-24, and are mutually exclusive (5) . Cys-24 also accepts the phosphoryl group back from the BglG-P (6). The mechanism that ensures correct delivery of the phosphoryl group to the right entity, sugar or protein, by the same active site is not known.
Like many other PTS sugar permeases, BglF consists of three well defined domains: two hydrophilic, IIA bgl and IIB bgl , the latter possessing the active site cysteine, and one hydrophobic, IIC bgl , an integral membrane domain that presumably forms the sugar translocation channel. The C domain also mediates BglF dimerization, a process that is not stimulated by the sugar (7) . The order of the domains in BglF, from the amino to the carboxyl terminus, is BCA. Unlike some other PTS permeases, the order of the domains is critical for BglF activity. Separation, shuffling, and scrambling of the three domains demonstrated that stimulation of BglF by the sugar requires that the active site-containing B domain and the integral membrane C domain be covalently linked and their relative order should be BC (8, 9) . Based on these results we suggested that ␤-glucosides might induce an interaction between these two domains (8) . We show here that the presence of ␤-glucosides in the growth medium triggers the formation of a disulfide bond between Cys-24, the active site cysteine present in the B domain, and a cysteine in the membrane-embedded C domain. Hence, the active site cysteine can form a covalent bond either with a phosphoryl group or with another cysteine residue, depending on the availability of the stimulating sugar.
EXPERIMENTAL PROCEDURES
Plasmids and Strains-Plasmid pT7OAC-F carries the entire bglF gene cloned downstream of the T7 promoter (1). Plasmids pT7CQ-F1 and pT7CQ-F2 are derivatives of pT7OAC-F that encode BglF with either His-547 mutated to Arg (H547R) or Cys-24 mutated to Ser (C24S), respectively (5). Plasmid pT7CQ-F7 encodes IICBA bgl (designated scrambled BglF) cloned downstream of the T7 promoter (8 presence of rifampicin (Sigma). When indicated, unlabeled methionine was added to a final concentration of 0.5 mg/ml to the growth medium (chase) following 2 min of pulse labeling, and aliquots were removed at various times. Pelleted cells were washed with 0.9% NaCl three times.
Electrophoresis and Autoradiography-For most experiments, cells prelabeled with [
35 S]methionine were incubated at 30°C for 30 min in Laemmli sample buffer (LSB; 62.5 mM Tris-HCl, pH 6.8, 2% sodium dodecyl sulfate, 5% ␤-mercaptoethanol, 10% glycerol, and 0.01% bromphenol blue), which did not contain reducing agents. Reducing agents were added only when specifically indicated. Electrophoresis of proteins was carried out on 10% SDS-polyacrylamide gels. After electrophoresis, gels were stained with Coomassie Blue or directly dried and exposed to Kodak XAR-5 x-ray film.
Analysis of Proteins under Anaerobic Conditions-Growth, induction, and [
35 S]methionine labeling were as described above. Pelleted cells, prelabeled with [
35 S]methionine, were moved in tightly closed tubes into an anaerobic chamber, resuspended in minimal medium with 0.2% lactate (which was preincubated in the chamber as described below), and incubated at 37°C in the absence or presence of 0.2% salicin (as indicated in the legend to Fig. 1E ) for 30 min. Cells were pelleted again in tightly closed tubes, and labeled proteins were extracted under anaerobic conditions at 37°C for 30 min in LSB that contained neither reducing agents nor bromphenol blue. Protein extracts were fractionated in the anaerobic chamber on an SDS-polyacrylamide gel that was prepared in the anaerobic chamber. All media and gel solutions used in the anaerobic chamber were incubated in the chamber for 24 -48 h at 37°C before use. Methylene blue (0.002%) and cysteine (250 g/ml) were added to aliquots of all solutions to confirm lack of oxygen.
RESULTS

The Stimulating Sugar Induces the Formation of a Disulfide
Bond in BglF in Vivo-To examine the possibility that the stimulating sugar induces a change in BglF, we studied the effect of the sugar on BglF conformation under nonreducing conditions. When cells containing a plasmid that carries the bglF gene under the control of the T7 promoter are induced and labeled with [
35 S]methionine in the presence of rifampicin, the BglF protein is labeled almost exclusively (1). Indeed, a single band was observed after analyzing labeled extract of these cells, which were not exposed to ␤-glucoside, by SDS-polyacrylamide gel electrophoresis in the absence of reducing agents (Fig. 1A, lane 1) . In contrast, when the aromatic ␤-glucosides salicin or ␤-methylglucoside were added to the sample prior to the analysis on nonreducing SDS-polyacrylamide gels, an additional faster migrating band was observed (Fig. 1A , lanes 2 and 3), suggesting either an introduction of a disulfide bond (10) or a proteolitic cleavage. The appearance of the additional band was independent of the stage at which the ␤-glucosides were added to the cells or to the cellular extract (data not Labeled proteins were extracted in LSB containing 5% ␤-mercaptoethanol (␤-ME) or 100 mM DTT. C, the labeled bands that correspond to the two forms of BglF (B, lane 1) were excised from the gel, and the proteins were extracted form the gel slices by incubation in LSB for 2 h at 30°C. Each gel-purified sample was divided into three aliquots and incubated with no reducing agents (lanes 1-3) , with 100 mM DTT (lanes 4 -6), or with 5% ␤-mercaptoethanol (lanes 7-9), respectively, at 30°C for 30 min. T ϭ two forms of BglF; U ϭ upper form of BglF; L ϭ lower form of BglF. D, following thermal induction, cells were further incubated in the presence of 0.2% salicin, labeled, and washed as in A. Labeled proteins were extracted at 30°C for 30 min (lane 1) or at 100°C for 5 min (lane 2) in LSB without reducing agents. E, prelabeled pelleted cells were moved to an anaerobic chamber, resuspended in oxygen-lacking minimal medium with 0.2% lactate, and incubated at 37°C without (lane 1) or with (lane 2) 0.2% salicin for 30 min. Labeled proteins were extracted under anaerobic conditions in LSB, which contained neither reducing agents nor bromphenol blue, and fractionated in the anaerobic chamber on an SDS-polyacrylamide gel. The detailed procedures for protein analysis under anaerobic conditions and the precautions taken to confirm lack of oxygen in all media and gel solutions are described under "Experimental Procedures." The same experiment was performed in parallel under aerobic condition (lanes 3 and 4) . F, lanes 1 and 2, same as lanes 1 and 3 in A, but cells were incubated with iodoacetamid (200 mM) at room temperature for 10 min before extracting the proteins in LSB. Lanes 3 and 4, after labeling in the absence of ␤-glucosides, cells were incubated with or without iodoacetamide (200 mM), respectively, at room temperature for 10 min and further incubated with 0.2% of salicin for 10 min before extraction in LSB. Arrowheads indicate the positions of the two BglF forms.
shown). The intensity of the faster migrating band did not decrease after a 60-min chase with cold methionine, indicating that this form of BglF is quite stable (data not shown). The faster migrating BglF form reverted to the slower migrating form when reducing agents were added to the sugar-treated sample prior to the gel analysis (Fig. 1B) . Furthermore, when the faster migrating form was extracted from the gel and treated with reducing agents, it reverted to the slower migrating BglF form (Fig. 1C) . This ruled out the possibility that the sugar induces degradation of BglF in the absence of a reducing agent. Rather, the sugar substrate triggers the formation of a disulfide bond in BglF. The resistance of the sugar-induced BglF form to heat (Fig. 1D) supported the notion that its formation involves covalent bonding. The same results were obtained when the experiment was repeated in an anaerobic chamber (Fig. 1E) , ruling out the possibility that the disulfide bond is formed due to air oxidation during cell lysis. An additional proof that the S-S bond is formed in vivo was given by the stability of the disulfide-containing form to iodoacetamide (Fig. 1F, lane 2) . Addition of iodoacetamide prior to the addition of ␤-glucoside prevented the disulfide bond formation (Fig. 1F,  lane 3) . Taken together, these results demonstrate that the stimulating sugar triggers the formation of a disulfide bond in BglF in vivo.
The Formation of the Disulfide Bond in BglF Is Reversible and Depends on ␤-Glucosides Availability-To test the reversibility of the disulfide bond formation in vivo upon addition or depletion of the stimulating sugar, we conducted two types of pulse-chase experiments. The effect of sugar addition was tested by pulse labeling cells that were not exposed to ␤-glucosides and then chasing them with unlabeled methionine in the presence of the ␤-glucoside salicin. As shown in Fig. 2A , a fraction of the pulse-labeled BglF, which migrated as a single band (lane 1), was converted to the disulfide bond-containing form after the chase (lanes 2-5) . Only one band was observed after chasing without salicin (data not shown). The effect of sugar depletion was tested by labeling cells in the presence of salicin and, following a rapid collection and wash procedure, continuing the growth in the absence of salicin. Gel analysis indicated that the S-S bond-containing BglF form disappeared upon depletion of the stimulating sugar (Fig. 2B, compare lane  1 with lanes 2-4) . The results of a control experiment that was similarly conducted, except that salicin was included in the medium throughout the growth, indicated that the relative amount of the S-S bond-containing BglF form was not affected by the step of cells collection and resuspension (Fig. 2B , compare lane 5 with lanes 6 -8) . Based on these results, we conclude that the formation of the disulfide bond is reversible and depends on the availability of the stimulating sugar.
Formation of the Disulfide Bond in BglF Requires the Active Site Cysteine in Its Unphosphorylated State-Unlike wild-type
BglF, a BglF mutant in which Cys-24, that phosphorylates the sugar and BglG, was replaced by a serine (C24S) was not stimulated by the sugar to form the disulfide bond and migrated as a single band on a nonreducing gel, independent of the presence of salicin (Fig. 3A, lanes 1 and 2 versus lanes 3 and  4) . A mutation in His-547 of BglF (H547R), the first phosphorylation site in BglF that transfers the phosphoryl group to Cys-24, did not affect the formation of the sugar-induced disulfide bond (Fig. 3A, lane 6) . Hence, Cys-24 seems to be involved in the formation of the sugar-induced S-S bond. This hypothesis was supported by the inability of a truncated BglF protein that lacks the B domain, in which Cys-24 is the only cysteine, (designated CA) to form the S-S bond (Fig. 3B, lane 4) . A truncated BglF protein that lacks the A domain but contains the B domain and the membrane-spanning domain C (designated BC) formed the disulfide bond after the addition of the stimulating sugar (Fig. 3B, lane 2) . Thus, Cys-24 bonds with one of the six cysteines that reside in the membrane-spanning domain.
How does the sugar induce the formation of the disulfide bond? We hypothesized that the stimulating sugar dephosphorylates Cys-24, thus leaving it free for interactions. To test this prediction, we introduced wild-type BglF and the C24S and H547R mutants into an E. coli ⌬pts strain, in which BglF is not phosphorylated. Because Cys-24 is not occupied by a phosphoryl group in this strain, it is available for interactions. Indeed, the formation of the disulfide bond in this strain, which depended on the presence of Cys-24 (Fig. 3A, lanes 9 and 10) , did not depend on the presence of the stimulating sugar (Fig. 3A (lane 1, pulse) . Salicin (0.2%), together with excess unlabeled methionine (0.5 mg/ml), were added to the culture (chase) and incubation at 30°C was continued. Aliquots were removed at the times indicated (lanes 2-5) . Labeled proteins were extracted in LSB without reducing agents. B, following thermal induction, cells were further incubated in the presence of salicin (0.2%) at 30°C for 30 min. Following a 2-min pulse labeling with [
35 S]methionine, the cells were collected by a short spin, rapidly washed with 0.9% NaCl to remove the salicin, resuspended in fresh minimal medium without (Ϫ) or with (ϩ) salicin, and allowed to grow further for the times indicated. Labeled proteins were extracted in LSB without (lanes  1-8) or with (lanes 9 -12) 100 mM DTT.
ognized by BglG-P as a step toward its activation by dephosphorylation. To initially address this model, we made use of a BglF variant, which constitutively phosphorylates BglG but does not catalyze the sugar-stimulated functions, i.e. sugar phosphorylation and BglG dephosphorylation. This protein, designated scrambled-BglF, contains the three domains in the order CBA instead of BCA as in wild-type BglF (8) . As a control we used a protein with the same domain order as in the wildtype (designated BglF-like), which was engineered similarly to scrambled-BglF with regard to the linkers between the domains (8) . Unlike wild-type BglF and BglF-like, the scrambledBglF protein, which migrates faster than BglF on an SDSpolyacrylamide gel (8), did not form the disulfide bond upon addition of the stimulating sugar (Fig. 4) . Hence, the inability of scrambled-BglF to catalyze the sugar-stimulated functions is correlated with the inability to form the disulfide bond, i.e. stimulation of BglF correlates with disulfide bond formation. DISCUSSION We have previously suggested that catalysis of the sugarinduced functions of BglF (EII bgl ), the ␤-glucosides permease and sensor of the bgl system, depends on specific interactions between its B and C domains (8, 9) . A conformational coupling between these domains was also reported to occur in the mannitol permease of E. coli (EII mtl ) upon binding of mannitol, making a large part of the B domain inaccessible to water (11, 12) . It was suggested by Robillard and co-workers that such an interaction enables the phosphorylation of the incoming mannitol by the active site cysteine in the B domain. Our present results indicate that the stimulating sugar triggers the formation of a disulfide bond between the active site cysteine in the B domain of BglF and a cysteine in the C domain. The formation of a disulfide bridge between the activity-linked cysteine of EII mtl , present in the B domain, and a cysteine in the C domain was reported, but, unlike the disulfide bond in BglF, whose formation is induced by ␤-glucosides, mannitol does not influence the formaion of this bond in EII mtl (13) . One important difference between BglF and EII mtl is that the latter is not known to control the activity of a transcription regulator by reversible phosphorylation in addition to its activity as a sugar phosphotransferase. Based on our previous observations and the findings reported here, we suggest a model for the catalytic cycle of BglF, which is shown in Fig. 5 . According to our model, the sugar induces a conformational change in BglF, which is propagated from the membrane-embedded C domain to the B domain, and results in the sequestration of a portion of the B domain from the cytoplasmic reducing environment; draining of the phosphoryl group from Cys-24 by the sugar enables the formation of a disulfide bond either in the membrane or in a channel through which the sugar is imported. Evidence for the existence of channel in the glucose-specific EII of Salmonella typhymurium has been provided (14) . Interestingly, an activity-linked dithiol, essential for sugar transport and phosphorylation, was suggested to be located in this channel, nearer to the inner surface of the cytoplasmic membrane (14) . The sugarinduced change in BglF might play a role in sugar transport as an alternative, or in addition, to its role in controlling BglF phosphorylation activities. In addition to scrambled-BglF, other mutants that link BglF activity to disulfide bond formation were isolated. Among a series of BglF mutants, with amino acid substitutions in the B or C domains, that can phosphorylate BglG but lost the ability to dephosphorylate it, some cannot form the disulfide bond, although they contain all the cysteines as in wild-type BglF. These mutants are also impaired in ␤-glucosides phosphotransfer, but some are only slightly impaired in comparison to wild-type BglF. 2 Detailed characterization of these mutants is currently under way.
The two forms of BglF, observed in the presence of the stimulating sugar, seem to exist in equilibrium. Even in the ⌬pts strain, in which BglF is not phosphorylated, the thiol-and the disulfide-containing forms of BglF coexist (Fig. 3B, lane 1) . This is not due to an inherent instability of the disulfide bond, since after gel purification the disulfide-containing form is stable (Fig. 1C, lane 3) . It therefore seems plausible that in the cell, an enzymatic activity is responsible for reducing the disulfide bond in BglF to thiols. This hypothesis is in accord with our realization that the oxidized BglF needs to be recycled to its phosphorylated (reduced) form to phosphorylate more incom-2 G. Monderer-Rothkoff and O. Amster-Choder, unpublished data.
FIG. 3.
The active site cysteine is required for the formation of the disulfide bond in BglF. A, wild-type BglF and two mutant proteins, H547R and C24S (BglF mutated in the first and second phosphorylation sites, respectively) were expressed in the isogenic E. coli strains MG1655 (lanes 1-6) and PPA310 (a ⌬pts strain; lanes 7-12) . B, two truncated BglF proteins, BC, which contains the B and C domains, and CA, which contains the A and C domains, were expressed in E. coli K38. Growth, induction in the absence (Ϫ) or presence (ϩ) of 0.2% of salicin, ing sugar molecules. In E. coli, two main pathways are responsible for reducing disulfide bonds in the cytoplasm, the thioredoxin system, which consists of thioredoxin reductase and thioredoxin, and the glutaredoxin system, composed of glutathione reductase, glutathione, and three glutaredoxins (15) . Experiments to determine whether one or more of these activities are involved in reducing the disulfide bond in BglF are currently under way. Alternatively, the coexistence of the two BglF forms might reflect a situation in which only one monomer in the BglF dimer forms the disulfide bond upon stimulation. In this case, the stimulated conformation can catalyze sugar phosphotransfer and BglG-P dephosphorylation without the need to reduce the disulfide bond.
It has long been postulated that disulfide bond formation represents a covalent modification that can regulate protein activity. However, the tendency of proteins to undergo spontaneous oxidation as cells are lysed made the distinction between in vivo and in vitro phenomena problematic. Recently, examples of molecular on-off switch of gene control by disulfide bond formation and reduction have been documented (reviewed in Refs. 16 and 17) . One example is OxyR, a transcription factor involved in controlling oxidative stress response in E. coli, which is activated by the formation of an intramolecular disulfide bond and subsequently is deactivated by enzymatic reduction of this bond (18, 19) . The introduction of a disulfide bridge between two different regions in OxyR appears to provide the energy required for a large fold switch observed in the OxyR regulatory domain (20) . Another example is the heat shock protein Hsp33, part of the bacterial defense system against oxidative stress, which is activated as a molecular chaperon under oxidizing conditions by forming intramolecular disulfide bonds (21) .
R , an RNA polymerase sigma factor that controls expression of the thioredoxin system in response to oxidative stress in Steptomyces coelicolor, is inhibited by an anti-sigma factor, whose activity appears to be modulated by disulfide bond formation (22) . A protein disulfide isomerase in the chloroplast of Chlamydomonas reinhardtii, which shows clear homology to both plant and mammalian protein disulfide isomerases, regulates gene expression by controlling thiol-disulfide exchange in an RNA-binding translational activator depending on the light conditions (23) . Hence, the concept of modulation of gene expression by the formation and reversal of protein disulfides has been established, and the idea that other cellular processes, including signal transduction and transport, may be regulated similarly has been suggested (e.g. Refs. 16 -18) .
The ability of cysteine residues to bond with various chemical groups, like phosphoryl groups and metals, enable them to switch from one type of bond to another, depending on the conditions in their immediate environment. Indeed, alternative covalent bonding of cysteines has been suggested to occur. The catalytic cysteine in the human cell cycle control phosphatase, Cdc25A, which is transiently phosphorylated in the process of phosphoester bond hydrolysis, seems to form a disulfide bridge with another conserved cysteine, as suggested by the diffraction of some crystals (24) . The physiological conditions under which this bond is formed are not known. One possibility that had been suggested is that Cdc25 may be self-inhibited during oxidative stress (24) . The inactive, reduced form of Hsp33 has zinc coordinated by its conserved cysteines that is released upon oxidation, allowing the disulfide bonds to form. The zinc coordination has been assumed to enhance the reactivity of the critical cysteines in Hsp33 by stabilizing their thiolate form (21) . A similar form of redox regulation has been reported for the zinc storage protein metallothionine (25) . Upon oxidation, the zinc is released from metallothionine with concomitant disulfide bond formation. Thus, alternative covalent bonding of cysteines, involved in various enzymatic activities, might affect the reactivity of the cysteines and play a role in the thioldisulfide shifts. The ability of the cysteine residue in BglF to bind covalently either to a phosphoryl group or to another cysteine residue, depending on the protein stimulation state, suggests a novel way to control signaling by alternative bond formation. Similar mechanisms might involve the formation of different types of bonds, not necessarily covalent, by other phosphorylated residues. , the membrane-embedded domain, and lead to a conformational change that brings IIB bgl , the domain which contains C24, closer to the membrane, making a large part of IIB bgl inaccessible to water. The ␤-glucosides drain the phosphoryl group from Cys-24 and it can now form a disulfide bond with another cysteine in the IIC bgl domain.
